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Ulectronic '.)pecifio Heat and :aturation Manetization

of Gz%-e and F'e-Co Alloys*

L. berser

Camne:ie Instittte of Tednoloay Pittsburgh 13, Pemsylvinia

Atas The oeM 2 e nctism is applied

to various mdels for thed band'pr ie'of bec aloys of

transition metals. In the fir-t band profile, we zon.!-ide a

rectaular rb-band with rounded lower and upeper edges#

asa umiM an intra-atrdc exohatC.e integral just larre enough

to produce ferromag;nctism. The low.-teuerature specific heat

coefficient I is found to have a sharp peak at the eleotron

concentration vihhre ferromgnetism starts (alrost e Ipty sub-

.and) ard a deep minimm at tho concentration ulth largest

saturation miaqnetization (half-filled sub-band). 'his arrees

qualitatively with the measurments b Ghenp, Wel, and Seck

in Cr-Fe wx IFe-Go alloys. Ihe acreent bec e quantitative

if a Uco,,(;, Snl'.l:.rr :el of thc bwx profile iU iued uhere

the density of statez. inside the rub-iand is not constant but

drops linearly idth inareaing eneroy. Tho calculated zero-

teaperature saturatior n-etizations ;,rec ustl with the

blate-Paulin, curve for thue alloys. In a third rLolel,

!ork supported in part by the Office of Naval Reaearch and
the Nkational .cience I'oundatione



the sharp peak of x in not a simple conso,.uence of the

action of the collective model, *ut reflects the wd.rtene.

of a rcal peak in the asiiuned band profile, Then this peak

of I is predicted to happen at an electron concentration

sliijhtly larger than the one at which ferromaenetism starts;

this ceem to Le found exporimentallr in the Cr-Fe series,

11w calcuLated saturation narnnetizations aC, d4n a-ree vith the

Zlater-PaulnC curvee
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A g;reat wealth of experimental data on the electroaic specile

heat of body-centered cubic alloys of the first transition series is now

available, due to the work of %henr, Wiei, and Beck 1 and of other authors

This rives direct inforintion about the rofile of the 3d band, at least

in the case of alloys %,1here no forWnnetic spin polarization is precent.

The purpose of the prebent work is to invcstigate theoretically

the affect of a ferran:.nitic spin polarization on the low-temperature

electronic wpecific heat of bcc alloys in the framework of the collective

approach to ferroamntism, aunine various riodela of tho Lwi paofilee

Usine the sam ra dels, we al.o compute the zero-temperature saturation

maiottizAioni lor theue Lerivs of alloyss to Le coupared with the eiell-

known e-'periental blater-aulir curve7 " 13  The present work ahold

aluio provide a teaeral picture of the electronic structure of the ferro-

afagnetic bcc iron alloys.

It le by co iparinE the predictions of the collective model i4th

the =gnetization data that Slater? and ,rauliw were able to conclude

that a rcCion of lu density of stites should exist in the profile near

the Ferri level of chroiAuri. bnfoi-tunrtely, the value of the z anotiza-

tion is rather Insensitive to the detailb of the xand profile. By

combinine the rpocifUc heat infonvation and the mianetization inform6tion,

we will see that a more detailed picture of tU profile ray be obtained.

The calculations are done only in the Lit of vanishinr, tempera-

ture, as we think that the collective model of ferraWnetism, in its

oririnal forms, is not aC ,.ate at finite temperatures.

i
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THE COLLEIVS MODE1 OF F.IU9LGNETISM

The collective model of ferrmarnetim has been disausWd by

"toner and by ohlfarth%. w:e will use a notation irdlar to that of

oh.farthlit. lZectrons of a Ljve spin orientation have a density of

staten V) (E), %here E is the one-electron enery. The functionV E))
io the same for both spin orientations, and La independent of band iUM

(riQ-d barxi approciztion)o The Fermi level for electrone of spin down

is called Cr01 and tiat for electrons of spin up is 4 0 2" An exchange

enerLjy -J is asw.-.ud ictween any two electrons of the rnme spin orionta-

tion; irwtcad of J, used by LdiarIT '*o1Jfarth 1 introduces the para-

meter 00 defined by O* - NJ/2k , where p is the loltzuann conctant and

N thku number of electrons per atom in the k'.nd. The exiercy of the electron

system at zero temperature is:

f= ,',E),je + f v(E),E -N J,
0

whf 1 and 1 2 are respectively the number of electrons i th spin do',,o

ardc vith spin u~ps

t (2)
jv=(v,)4 E

: N N)±N
J, ,N -- + Na
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7he oondition for an extremal value of the total ener6y E,

under thc constraint ol con.tazit number of eloctrono N.9 my be w.ritten:

E01

E -E J JV(dE (3)
02 of 01

Eq. 3 is the basic equation of the collective model of ferrmane-

tis in the case of tero tee eratur, For a (iven value of N# it always

has the parima, netic solution E 01 E 6 0 2 " If V (E) exeeds the

value 1C /- J  at the paria t tic Feru levels the paramnanetio

solution is unstable# and some ferromaanctic colution will set in, with

E,< Go lie uil41 call V-the "critical" density of states,

If \ (E) < ) C the paraijnotic solution is stable; howevcr, a

lerrmnanetic solution nay oor xtime still exist even under these condi-

tions, as wll be mentioned in a later section.

ien C Oi amd E 02 have been found for a riven value of N,

,y uolvi c Zco 3, the valuer of N 1 and N2 may Le calculated Ly Eq. 2.

The coefficient Y of the low-temperature electronic molar

specific huat nay !e calculated too

where N is Avoadro's nuier. This equation is valid only when T
0

is msch uuullez' than the Curie temperature.
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The zero-temporature saturation marnatization ogn seed in

iiohr matnetons per atom, is L-Aven bys

S(N6, 2 (e N9I (E01 ) ,

whe NI and 1,2 have been defi by Bq. 2, an here g is the S factor
17

as measured by £errormna-netio resonance ,

The existence ' 8 of spin vives in ferromoanetic natcrials and the

persistence | 9 of permanent ia-notic orzents above the Curie point of iron

and nickel iqxp that the collective nwdel of ferro% netirm, in its

oritnal Iorma does not describe completely the thermal excitations

or a ferro.avnwt. oherefore, in the present paper we will limit ourselves

to the cat.e of van.shirn taVerature. lioweverp this does not imply that

all results of t,he tieory bocoe rong at finite temperature. In fact,

we will aee later that the zero.-temperature theory does not r.all'y require

spin alirwomnt in order to a.ply, Lut only a spontaneous sdvn polarization.

Some of its reoults for Y rght be valid even above the Curie point

of a ferroranet, provided disordered Luxnts are still prevent*

We know alzo that the collective iodel and the ri,;id bad approxi-

nation are concerned only ith the electron distribution on thc enerfy scale.

5hey say nothiML about the charge density or spin density In space. There-

fore, we can Iredict only certain propcrties, like the specii., hitt or

the blk ma~tization.

We think thatq provided these natural litatione of the collective

picture are taken into account, it should apply as well to iron alloys a

to nickel alloyst at vanishiM tmaperature, More sophisticated may-body

methodiare necessary at finite teuperature°
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APPLIcATIO'N: ID A R.CTANMLARI SUB-SBAND 17TH ROUNDED EMGM

(nmli BVU) i'uUFI)

We consider a rectaunular sub-bad ith rounded edres (Fig. 1).

We calI this vu7 simple model the first band profile. The sub-Uand in

aemzAd to describe roughly the upper third of the 3d band of boo alloys$

above a re&ion of Iy density or states located around the Ferd level of

chromium. The oriEU of the enerej scale corresponds to the Feri level.

of analloyhaving -5 .3eICtb.

In the rerion belm the lower edge of the rectanular sub-band,

where ferrmaCnetism is absent, measuremnts of electronic specific heat

(on V -Cr alloys and dilute alloys of iron in chromium) Cive directly

the values of ) ( E). This experimental informtion has been used to

draw the curve of Fir. 1 for < 0.6 ev, Similarly, the constant

value of V) ( C ) drawn above the top of the 3d band (E > 1.25 eV)

has been chosen in such a iay as to reproduce correctly the masured

electronic specific heat of (fCC) copper 2 '.

Chr:dum and its dilute alloys uith iron are lmn to have sonm

kind of an antiferrom, netic pin poUarzation below room temperature 2

Because of this comlicition, one rkirht think that the specific hoat

meaburS nts do not give directly the band profile in these alloys.

Iowever, measurmente of specific heat in boo alloys of the second or

the third transition series2 3 , wtich are not antifemmraCntic, give a

ve= slU band profitle in this rance; In particular, there is a lmw

density of state. at the Penm level W N - 6 4 /at. 4 e * .ll or.

pletely ilore the preseme of antiferamenotim in the alo' we

consider In the present work.
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The shape of the rectanrular sub-band itself (Fig. 1) has been

ohosen arbitrari y. Howevur, it wil be shown to lead, when combined with

Eq 3 of the collective mdel, to a correct prediction of the main features

: of the electronic specific heat results an measured ! in series of ferro.

i nacntic Cr-Fe and Fe-Co alloys.. and to Live values of the saturation

mai.netizaton in at~remaent idth the measured 1-1.ater-Pau3.nr cumv for' these

alloyed

We have solved Eq. 3 for a few hundreds of values of the electron

oncentration N, We use the electronic comuter, bndix G-20, at the

Garnot4c Institute of TochnoloL-gy IM' have outained for each value of N

the corresponding values of E 01 E 902s Ni, N2 .and therefore of

and ; they are given bLY D:. 2s l. 4# :. 5. The results for Y andp

are represented by the solid curves of Fig. 2, in th. ease where

Jm 0.294 9Vx t/Pl . .4e ausum g - 2.094, which is the ew.periimnta1

value for pure iron. 17  The I curve marked "paramagnet" refers to the

case J - O, where the alloy would always remain a Pauli par=4-nete

The inat strik:n feature of the thcoretical x curve of Fi1. 2

for a ferrovatet la the prezence of a sharp peA at the electron con.

centration at which ferrarnetirn sturts. It in easy to understand the

physical reason for the existence of Weo peak. If we start fillim& the

3d bwids the alloy is a Fauli paruzrnet at first. The two Fsind levels

are idwitical and contribute ocual. azunts to the density of state..

Accordin{ to Eq. 4, tho curve for I wll be smplyj an image of the bud

profiles and will rise rapidly when -the wsctancular sub-band starts filling

up at N - 6.2 o/at ,orresponding to the left side of the peak.

Iowever, as soon as the critical density of etate neaz'y for ferr.

m.,Lnetism is reached, the Fenrd level 5 01 of the spin dam electrons
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noves rapidly wck below the lower de of the rectoar 3uL.-bw.d, there.

by reducn2 drastically its oontri.ution to the density of states of the

forromanete Vie value of drops therefore rapidly to a fraction of its

mxim value, according to Eq. 4s and this corresponds to the rght aide

of the peak.

By any calculations perforwd with diffcert valus of J. w

have found that the peak is especially prooinent if 1/J is

oily slightly smaller than the rAxitam% density of states reached in the

rectanjular zub-band. 6eoondly, the peak is eharp only if tho lower edie

of the sub-band is not too rounded and if the slope at the edae ia large

enough. 4owoevers if the ede is rounded only vory little, and it the slope

at the edge is too hith, the ;ak may ue so charp and so narrow ao to

escape detection. It vanishos completely in the case of an exactly ret-

annular band.

.1 sitmlar jeak of oi.Bts at an electron concentration corre-

sponding to alost complete filline of the rectangular ab-band and to the

end of thc fcrrmuiianetic ranee. It plays howevr no role in practices as

ro Lee alloy ecista in the first trinsition series imith N4> G.8 eI lak
Anothcr feature of the theoretical curve of FiC, 2 is a miniua

for u - s.a el /rt , 1he physic.Jl reason for this wrimu Is the followimrun

At this electron concentrations the Fermi level C 01 is below the lower

edge of the sub-tvdr, ",hilt the Fen-& level E C) Is above the upper edge.

herefore, the contributions of both Forrai levels to the density of states

are very sAlIl.

14 disuss now the solid curve for the theoretical s aturation

magnetiation p in FIg. 2. It is i,4de up of two parts. In the first put#

p incrembe& by appzoxiat ely one LWW ra~wton for every electron added to

the a&llo. The Fsical rcason is that the Fozrr level C 01 of spin
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down electrons raexdz stationary below1 the loi-er ed(e of the sub-band,

while E )2 rises throulgh the sub-band. In the second part of the curve,

Corresponding to a more than half-filled sub.-band, decreases approx.

mtely by am kbohr mwneton for every electron added to the alloy. Here

e 0 2 rmains stationary above the upper edep imile E 0 1 riam thr

the sub-band , The two linear parts of the curve are connected by a rounded

recrion. We notice also, at the left end of the 1A curve, a rounded part

etartine with a vertical (or almovt vertical) tancent.

The low-teriperat - electronic specific heat of bcc V-Cr, Cr-Ie,

and Fe-Co alloys has been z.csured by Cheng, '.:s, and beck. The expert-

runtal values of the coefficient I are plotted aL. a function of electron

concentration in EIg. 2 (see the uashed curve).

A sharp piak ir present in the experimentl I curve at '= 6.

Ihis value is close to that at U-ich ferrorzaCnetisi starts. Schroder2

has measured the arecific heat of saoe Cr-.Fe alloys at elevated tmperu-

tures (up to 6W9°K), in order to inveutiL-ate further the nature of this

peak, The conclusion is that thopeak is really electronic in nature, and

Is not due to the x. actic anoLaly of the specific heat occurn, in the

n iLhborhood of the turie point of a ferroma.nat. The CuriLe points though

fallin very rapidly, ib in fact Atill aroud 500-8, K in th.is rIn-rze13

that is miuch hiher than tho temperature at which the low-tempe ature

memourvents have been rne. Au the curvea of C / T versus T2 ae
V

reaonably linear at low temperature, it does not seem te iw that super-

Plramwknetic clusters 5 6 should play a major role in the leak either,

14 see in FiC. 2 qualitative ac;reement betuven the experimntal

results for I and the redictions of the collective picture as applied

to our zwdel of the band. The theoretical curve has a poak of the earn
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Wainitude and the sare location, IN 6.4, as the experinental curve.

%he only deecrepanoy between theory and experiments wd..ts in the ran e

between N w 7 and N a 8, uhere theory predicts a plateau for Y Ithis

questc:o. will be discussed In a later section.

The lo-temperature saturation marnetisatian of bee Gr--Fe allos

has been rmeasured by Fallot 1 1 . and by Nevtt and UALred 13 9 That of

boo Fe-Co alloys has been measured by :eiss and Forrer 0 . These data,

cony frted to Bahr nW5 etons per atom, are also plotted as a dashed curve

in Fiji. 2. They constitite a part of thc so-called Sliter-Paulinr, curve. 7 9

VWe se arain rather -ood arreenent between thcory and wyerb rant. The

only desecrepancy takes place near N - I.2, in the 'e-Co alloys correspond-

inZ to the lari~o;t values of 1. he roundinr of the experluental curve is

bror than that of the theoretica curve,

1To sum up what has been said above, accordinC to tis first model

the sharp peak of I observed at It - 6.4 in Cr.Fe alloyws is of an eloctronic

nature, out rives only a very dictorted inXae of the true band profile In

these alloys. The profile has no sharp sijulartica. The existenc of the

xpak is rather a consequence of the onset of ferroeurtic apin polari-

zation in a rectanulwr sub-beid with sawwhat rounded ekes. This -eak

would be much lcs proninent, or even coapletely absent, in lands of other

shapee.

This interpretation of the specific heat data is different from

th4 swj-ested IV Chent,, Vol1 and eok thamelves, who assum that the

data LIve a direct idea of the true 3d band profile; si ilarly, Goodenough2

interprets the peak of &s repres ntlnC the true band profile for

& electrons of e syuatry type.
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Accordin to our calculation, the Fermi level of spin down electrons

in iron (N - 8) is located below tne lower adxe of the rectaneular sub-band.

As a result, the density of states at the FerAr. level is oontributed mstly

by spin up electrons, in qualitative sCremt with contact potential

meaeurwments by %xBnIsl25. This point will be discussed further later.

JQDIFlCATION OF THE ITTMLA R LUB.BAZ D

Ue ull no modify the rectaneular sub-Land of Fie. 1, in order to

±iprove the aLro, i.nt with ex:er:L.ntal I data. This second band profile

is shown in Fig. 3. The modilloation keeps unchanied the most essential

fPAture of the profile, nrnsly the ali;ht roundine of the edres of the sub-

band. loweverp the density of states, instead of raininC constant inside

the iub-Uar# now decrtmues linearly Uth increasinr enerCy.

It becoxe then iausazry to asbum also that the exchanCe con-

stant J increasee gradually vrth electron concentration. We assume the

followinC relation:

J(O- ... 1 (6)
2.35 - 0.77 (N-9)

This specific expression is cuch that tho density of states

(of one spin cirectioa) ) (_.) at the Fez-& level rmains alwas

sligitly lazL'er than the critical value VC - I/J(N) while the sub-

band is bein filled Otherwise, ferr~ara tUam would soon stop.

We have solved Eq. 3 of the collective ode2l, with a Maiable J

Civen t Eq. 6 and assum C the band prole of Fi. 3. Theresultuare

show in FI- 4, Fic. 5, and Fit. 6. 1o use the ".-w alue .- 2,094



as before. Those results are very simUar to those obtained earlier for

the first band profile of Fi. I and a constant value of J. the only

difference Is the disappearance of the plateau of for a ferrmenet

in the rwne N = 7 to N - 8 (co Fig. 2 and Fig* 4). We have now

reached a satAfactory fit of the theoretical curv s to the e mental

data for I and ps (FU~. 4).

le see that, as in our firot calculations the sharp peak of

and the uubbeqsent minimum do not Live a true idea of the 3d bond profile.

The Litter is in fact much sirpler and aoother than tho curve.

The ,mtions of the Feo 6 levels durlng the filling of the %ub-band

are revweented in F.. 5. 7hey are very similar to those tVaki place

in the case of the first bad profile, hich were dincussed earlier but

not represented Craphical y.

STIYD CF A 5UD..BAND MIUWMVIG? A PK

(THIRD BAUD PROFILE)

In the two previous ,iodels of the band profile, the *.harp

peak was due to the action of the collective model of forrcimnetiam

rather than to sone ad hoc 3incularitv of the band profile itelf, which

wa always very smooth* Vie shall now invebti.ate a completely different

model of tAe band profile, which exhibits a sharp peak of the denity of

states. 'ibis third band profile iu shown in tIz. 7.

1he results fo" I and p , as calculated with the collective

model of ferrwaNnetismz, are showan in Fir. 8. V.e have assumed a variable

value ot J iven by

- 2.2 - 0.5 (1-8)
r -o (e
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use the sarie vilue " 2,094 as before. :e reach also here

rood aCreerent between theory and experizients for ferrom,:etic alloys,

as can ie ueen N Fig. 8.

W!e have calculated the ]locations of the tv-.o Fcrmi levels (Fit. 9),

aml the naubers N1 and N2 of electrons of each spin (Fig. 10).

CHOICE 1;I,., THE VARIOUS BAT rOFILES

0f the three band profileu ihich we have investi4ated the first

one does not deoerve more attention as it is only in qualitative aereement

ui.ith the e : rzriental Cata. '.'e wll now discus in more detail the resulta

obtained vdth the second and with the third iiand profile, in an effort to

docile i4dch one of those two is to be preferred.

Uur lund profiles Pxiy be compared 4th the electronic specific

heat data2 3 for bc alloys of the ucoond or third transition seori , which

are not ferroLWnets but rather Pauli paramagnets, These data should Cive

a direct idea of the correct band profile. No sharp peak iL present at

N 6.4 in No -ke and No-Tc alloys. Instead, there is a rounded lower

ed4:e very,, sir lr to the one we havu assumed for our socond Lwnd profile

(P. 3). wilarly, -,:casurcnts oi U:c purcoxuctinc. transition torm-

perature in these alloys tihould Live aomo idea of the band profile. There

is, a, an only a rounded edj e an a flat raxi nim. but no blarp peaks in

26boo o-)o and W-14 aLLoys at H 0 ()4. 1he sar-, flat maximu has

be fot 7 in Cre alloys. In all of those aLl sries, the be

range axtonds only up to approximately N - 6.5, so that most of the sub-

band reriu out of sirht.

Wood28 has reoently done an AN band calculation for bee par&-

cw'nutic iron. The lood profile has been calculated in more detail throuch

an analytical interpolation procedure by Corrtwell an l.ohlfarth 29; it has
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saci sir Lriticb Ath our buid profiles, in paz'tular the exIdteneO of

a reaion of low density of a tites rzw the Fermi level of ch un, but

thcre are also large differencec. For excupleg the 4dth of the part of

the )d band located aiove the FerA level of chraoniu is at least 2 eV

in the case of the ;ood profile, aix only I aV for our second or third

profile. Wood's unximu density of states is correspondingly emaller than

ours, so much that it cannot account for the X values observed in Cr-Fe

allo'ys. oAreovL.r, le lower edge of !ood's sub-band exhibits a nore caM-

placated structure than the oxperi ental I data seam to indicate.

Chem:, .ei and Back I have riven a model of the band :.rofile de--

rived from their oi ,pecific hat ra..demets in V-Cr, .4r-.e, and

Fe-Co alloys. It in, vry similar to our third band profile. lo ever,

as their analysis of the data doce not talm explicitly into account the

exchano splittinra amc tlheir variation with 'And fillinr, the ndnimin of

I present for N - 8.3 appea-s in their model to be caused by a corre-

sponding minimcm of % (C), hile it is, in our nodel, a direct con-

sequence of ferraagentism

As u "Id before, a sharp peak has been observe- 2 '9 even

above the Curie points of Cr-Pc alloyB. Thiz 3ees at firmt to exclude

our second band profile as a possible one, since .ith this profile the

poak would be duo to the exstence of feaiasynetism. However, a

little reflcction shoma that a :;pntaneoua spin polliL .tion 1b re( uired

to produce the pet, but not rmcw.arily a spin aligrwnto Pernanent

icu etic mcents exist | In iron above the Curie point, but are disordered.

This Atuation can be described by Lwn theory, as Herring and Vittel3 0' 3 1

have ahoirPa if a direction of quantizatim of the spin is dhoeen he$bjh is
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different in each lattice cell, and ftich is parallel to tht local direction

of the Ltor.oc mrnetic r=ent (direction of the intra-atonic excharee field).

The wave-function of u "tspin-up" Bloch wav is chosen in sitch a vay that the

spin is evoryWhere parallel to the local quantization direction. The "spiA.

down" Bloch waves are defined in a correspondine. manner. These Bloch waves

are approximate eiLenfunctions of the hariltonian# provided the precession

period of a spin in the local exchare field is smaller than thc tite of

fiij.ht of an electron ov, r a lenrth erual to the ranV.-c of the short ranpe

order of the atoLic :=noents. In Lhe representation of these Uloch waves,

the description of the ferro.jinet i- not vory different above and below the

Curie point. In particulzar, the dencity of etate3 at the Ferni level would

not chance appreciably. Ihe Fen.1 level of spin-up electrons would be

different frmc that of spinbdown electrons ovn above the Curie point. We

do not know how j'ood tis appoxU-.ation is in the case of ferrrn.;notic

Cr-Fe alloys, but it uuW, eats that the same Lechanisa by ,hich the collective

rodel of ferromtnetima and the second band profile lead to the exiwstence of

a X peak at low tkipCrit Ure will 4vc the peak even above thn Curie point,

if disordered pern-anent r.anLtic rarnts are present.

As c*-fn be seen in Fio. 2 or FIr. 4, or Fig. 8t the * J., of the

etporiental curvc is located at a slichtly hirher electron concentra-

tion thcr the one at which thd experimental maLnetisation curve starts. On

t.hc :ont:'ar-y, thia shit seems absent in the theoretical ourvc.L derived from

the second Law profile (Fig. 4)6 be think, howevcrt that the sift might

have been present in theL curves too, if we had rndified very Blijhtly the

wAnd profile in such a %.y as to have the concavity turned upwards in a uiall

region near E = 0.65 eV. The basic idea Is that ferrcWnetiun mya start

before the critical denwity of states is reached, provided the concavity is
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tUrned upwards, le do not insiOt on this point in the iresont paper, as

our nuric, calculations hLve not been done %d-th enouwh resolution on

the electron concentration scale to porit a detailed analysis of the

pheoenon. he shift my also be due to another caube, which is discussed

below.
Hi& temperature measurements '2 33 of mnetic susceptibility in

dilute alloys of iron in chromium seem to indicate the existence of dis-

ork ed poruanent :nvtic inouent:, auwLntin,_- to nore than two Bohr raaenstors

on each iron atom. These alloys are Curie par:ajnets at high teiperature%

and antiferr=m nets below room teperature, Linilur paranaonetia moments

exist4 on iron atous dissolved in molybdanm honoloCue of chromiaum in the

secid transition suries. The saturation mgnetization which would be

observed in dilute Cr-Fe alloys if these permanent rwent could be entirely

alJ.ned by a powrfal applied field Is shown by a dotted straiuht lne on

Fi. 2. This eln polarization is probably of a different nature than the

one i%4ich exists in ferromL-ie tic Cr-Fe alloys at hivher iron concention and

4,ich ives rico to the Sbto%-Paulitn curve. It cannot be described within

the ri d band approxition. It affects the local.zed utates split off the

bottom of tUe rectw6-ulta sub-band by the potential of the iron immritieos

and not the tu -ulbad iiself. Because of a lack of experirent3l data, it is

not yet clear hov the dotted majnetization curve of the dilute paramagnetic

alloys it, to be connected continuously to the bolid ra~netiation curve of

the ferramnetic aliys (11C, 2). This introduce6 additional unwcrtainty

into the shape of tho left er of the 'latxr.Pauling curve. According to

theory3 4 these locaized states should vanish when the density of states

beoam large, that Is when N > 6,5 It is euLite possible that the presence

of these msenstic localized states is the reason %by ferronnetism starts

slightly before the sharp I peak, in the Cr-Fo series.
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Uhen thc- third band profile is used, a shift is oitain&: auto-

matically in the thoorotical results for I and jA (Fir. 8).%The vien

of the slLift is the sam-e as in the case of the experimental data,

As a concluoiong a part of the available evidence favors the second

banm profile, and another part the third band profilep and it does not seem

possible at the present time to choose between then. Thits ia the reaion

Why we have investi:ated both of them in detail. 1.e shall discuss in the

next section som other evidence about tlir question, derived fram the con-

sideration of the V-Fe alloys and oi the '1i-to-Fc alloys.

It ib our opinion that our kUme profiles auv the onl' ones con-

patiblc xith the specific hrat and -vtzmtization data, in the sense that

the re. uaW prol'ile lor theL.e al-oys 'should be close to cither our second

or our third Land profile, or lie somewhere in between.

PfROP .Rn"' O IR ALLOYS

IXIITA'I0I, (F i1E PR1"JZPN IH.OCRY

It is knomn35 J' 6 that tht; ririd band apprwdamtion, on w'ich the

collective model of terromirnetism re3tes, is valid %hien th valences of the

two ccnPonento of the alloy differ by only one or two. 'Aherefore, we can

Ust: it on Cr-Fe and Fe-,o a-LLoys. It rai ht ap-)ly also to a leseer extent toI13 *
the V-Fe alloys, ior vdiich j..iLjntization and sieclic data exit. It is

not cxpceteds a priori, to work well. on the Ti-Co-Fe allo..-s. for w~iich ex-

perimental data exist too3 , as the valance difference ic too ich.

Another factor is tie value of" J. The intra-atomic exchance integral

is not expected to obey a riid iuand rfodel, but father to depend on an averace

of the local properties of atos of the alloy. In particular, it is SOneWht

doubtful that J %,ould bo lax, e enouwh to cause ferroix:t1ictizin in Cr-1-n alloys.
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,heal, dtcco1"iWq" to our t1oc, Lh; cotffi.cient should follow the curve

labeled "puraA-,'net" i, FiU. 4 or FiQ. 8. rathcr than the curve labeled

,,feruownet"o The expicriuantal values o in Ue bce Cr-Mn serios

Deem effectively to rioc cormiderably around 1i - 6.2 Udthout fallinc at

larier valuer, of N, in areemont with our theory. ltoweverp the raw'e of

thcue bcc alloyu stope near ;3 - 6.5, so th-t much uncertainty rem-Aina.

The present theory should apply to the bcc Fe-Ji allgijs However,

no cxj)eriental data on are avaiiL.le.

In the ccsc of the V-Fe alo . a sharp ,-ak is observed at

5.9 iutcad of 6.4. It i5 reu'kablc that ferrouixxnetiun : 13o t rtt ,t

5.9 in that uerics 13 0 his tends to shot, that the exi:tonce of the

peak iu connuctud "o the fr-oi anetism, and favors our :,econ-d mCiCl.

A lart.e ,.ak of exists at N - 6.4 in orderod 1-Fe-Co alloys.

:ven thoujh UL ril ,iu 1z.nd aCr!A:,ation is not expcected to apply very well

to Uie:;e alloy1s, tile jxak is :,ro~uhly due to tho oa;:w cau-re au in the case

of the Cr-Fe alloys. b;ovitt has not found37 any measurable maj.,cntization

in orderod 1iCo(Nm6.5) at 70 r. Neutron diffraction" failed to sho%. any

ordered moments irn IiCo At io01 lhoLc ficta ucan to :how th..t the p

is not 32Moci, ted Iviti Li;e boinnini; of a ferroaL;,Otic ret-ion. 1herefore

the -ocoad of our lb v profile: sce.c at first to ibc rled out. 1io, ever, it

crirunit be excluded that the eLioys .dch, have very low Curie points. Ue

repeit he.e th.t the :.econJ 4inc pmfile does not really revire furromeiaotic

alinmvont above t; - 6.4 in order to j lye the peak, but only the existence

of perraneat atot.1c i&Anutic inmitm due to the poLitation of the 3d bad.

:reover, acwdine to our uleo-etical curve based on the second profile

(Fi., 4), the averace atone P"n tic uoments would not be larg;er than 0.3

iohr maLoton per atom in ti±lt rogiong so that they ,4cht be difficult to

detect neutron diffr-ction even if tiey %,ore oruered.



A lirdtation of the present theory is the fact that, as said

earlier# we copleteJ ne'lect the antiforromaGnetis of the non-ferro.

masietic Gr-F'e allorc. This antiferromogtiasm onriLts probably of a

"spin density wave" or of a spiral structure, of the type euested by

Oveltauae--o Such a nuilnotic structure cannot be described b7 a simple

5HIR of the Fertai level of upin-up electrons ith respect to the ono for

spirb down electrons. The exchanrC potential set up by the ipin density

itself 14xes stron~ly tor ether various Bloch waves of enerty close to the

k en:i level.

A cusp is -reoe-t in the ex.eri.sLntl I curvO at pure iron

(Fig. 2, or Fl 2. 4, or Fi. 8). :i;ztdii cusps exist in the case of other

Plr metalso They cannot be explained by the riCid thud rwoel, and is* do

not pay further attention to then in the ivesent ivrk.

As noted carlicra our theor" predicts thait most of the electrons

preuent at the Ferr level of iron have spin up. le ft p - 0.60 for

the second bud profile (see Fi, 5) and P w, O53 for the third one

(seeFie. 9) . where P- V( e 0) ' V ( e 0 d/ V)( E02 )+ V( E1  I)*
%Wwnwloy2 finds exper wntilly p-1, so that the aVreaaent is not

cquant.tive.

CONCLUBIO#5

U;e have found that two different nodels of the band profile can

account in a satisfactory way for the electrodi specific heat and ownsti-

sation data in Cr-e and Fe-Co alloys in the limit of vanishdn tuoopature.

In pa icular, both of them predict correctly the jWesene of a sharp peak

of the electronic specific heat at qn electron concentration close to that
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where ferr cagnetisr , starts. In the case of one of these Taodels, the sharp

peak is not caused by any sineularity of the pmofl q but rather by the

motionm of the Femai levels for electrons of both spim. lbeve motions have

been inwestjated .ith the help of the collectivu rodel of ferramaenetism.

It is not possible at the present time to decide which of these rmdels is

the correct one.
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CAPTIM F0I FIUMS

XG. 1. Firt nodel for the uppcr third of the band of bee alloys

of the first transition s.ries. The horizontal line indicates

the value of the "critical" density of states above which
C

ferraksnetia sets In, assming J - 0,294 eV. x at./el

FIG, 2. lesults of the application of the collective model of ferro-

narnetion to the band profile of FM. I (firct band profile).

The coefficient I of the low-teserature electronic specific

heats au the zero-toppcrature wturation p are plotted as a

£fnction of electron concentration, asoudiM the constant value

J - 0.294 eV. x at./ea. The dashed curveo represent the corre-

spondine experimental data lor V-Cr, Cr-Fe, and Fre-Co alloys,

The dotted line represents the saturation rvnetization of

localized states split off the lou-er edce of the sub-band, as

deduced frou susceptildLity zasurmente on par amatetic

Cr-Fe alloys.

FIC. 3. ;econd rod(, of the band profile for the upper third of the

3d band of bec alloys of the firut transition series. oonpare

with Fig. 1.

FM. 4. heaults of the application of the collective model of ferro-

maCnetitm to the band profile of Fig. 3 (second band profile).

Sbe coefficient I of the low-te erature electronic specific

heat, and the. zero-temperature saturation mWnetization p# are



CAPTIONOL FOh FIGUkZ--Cont°

plotted as a function of electron concentration, assu ing a

variable value of J given by Eq. 6, As in Fig, 2s the dashed

curv, represent the corresponding experimental data for

V-Cr, CzrFe, and Ire-Co alloys.

FIG. 5. Fenid. level C-01 of spin-down electrons, ai-u Fermi level

C 02 of spin-up electrons, accordinr to the collective

model of ferrouq-,nets . The secoxt b,-nd profile is used, and

J is assumd to vary according to Eq. 6. 1he Fern. lcvel

01- E0 2 of a Pauli paramnet is also represented.

FIG. 6. Number N1 of spin-down electrons, and number N2 of spin-

up electrons, according, to the collective model of ferro-

majnetiwz. The second band profile iu used, and J is assumed

to vary accordinG to Eq. 6. 1he number NI MN2  for a fauli

paramanet is also represented.

FIG. 7. 1hird =dciel of the W-nd profile for the upper third of the

3d baun of bac a.Loys of the firat transition sories. Coapare

k4th Fig. I and Fie. 3.

FIG. 8. Results of the application of the collective mcdel of ferro-

manontism to th tvnd profile of Fig. 7 (third band profile).

2he coefficient x of tim low-tanperature electronic specific

het, and the zerv-temIprature saturation marnotization p ,



CAPIONS I-DR FIGUR.-Cont,

ae plotted as a funat4on of elmton ooneentmt.on, assmIrM

a Variable value of J iven b p 14. 7. As in 11. 2 and 1g. 4

the dashed curves rqrestm the oorspondlM stperimental data

for V-Cr, Or-Fe, and Fe-Co a loys.

FI. 9. land ev C-01 and ) q in the case of the third

band prof J iven b ECo 7. he Fend level 01 -C02

of a Pauli paramaCnet is also represented.

FI. 10. Values o f N1 and 142 , In the case of the third buid profile.

J is ivenbVrEq. 7. The value of N1  N2 for a Pauli pars-

anot is also represented.
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